Introduction
============

Viral infection is a major cause of severe illness and death worldwide. To design new therapeutic strategies to fight viruses, it is critical to identify the mechanisms which limit viral replication directly or shape immune responses *in vivo*.

In vertebrates, successful host defense against viral infections relies heavily on the early production of IFN-α/β that promote an antiviral state in adjacent non-infected cells as well as the activation of antiviral cytotoxic lymphocytes ([@bib1]). Recently, plasmacytoid dendritic cells (pDCs) have been demonstrated to be specialized in the production of high levels of IFN-α/β in response to a wide variety of viruses both in humans and mice ([@bib2]). However, virtually any virus-infected cell can produce IFN-α/β as recently exemplified for conventional dendritic cells (cDCs) ([@bib7], [@bib8]). Indeed, the relative contribution of pDCs, cDCs or other cell types for IFN-α/β production *in vivo* during viral infection is controversial ([@bib8]). In order to activate pDCs at the right place when developing vaccination strategies aimed at harnessing the antiviral functions of these cells, it will also be important to assess the respective contribution of pDCs from various organs to overall IFN-α/β production in infected animals.

In addition to IFN-α/β, murine, but not human, pDCs are able to produce high levels of IL-12 in response to virus-type stimuli ([@bib2], [@bib10], [@bib12]). A developmental, phenotypic and functional heterogeneity of mouse pDCs has been described ([@bib13]). One could therefore wonder whether the ability of murine pDCs to produce IL-12 could reflect the existence of a pDC subset specialized in the production of this cytokine that is absent in the human. Alternatively, each individual mouse pDC could be endowed with the ability to produce IL-12 and this may reflect an intrinsic difference in the signaling pathways triggered in human and murine pDCs by orthologous receptors.

The first aim of this study was to thoroughly investigate the contribution of splenic pDCs for the production of IFN-α/β and other innate cytokines during a herpesvirus infection. The second was to address whether pDC activation in response to a viral infection *in vivo* differs between different anatomical sites of viral replication. The third aim was to investigate whether production of multiple innate cytokines could occur simultaneously *in vivo* in pDCs at the single-cell level or whether these functions reflect the existence of distinct pDC subsets specialized in the production of different cytokines. Murine cytomegalovirus (MCMV) infection was chosen as a model because it is one of the best characterized systems to study innate and adaptive immune responses to infection *in vivo* ([@bib14]). We have already reported a major contribution of pDCs for early IFN-α/β and IL-12 production in response to MCMV infection *in vivo* ([@bib10], [@bib15]) which has since been confirmed independently by others ([@bib16]). However, other studies have documented the ability of cDCs to produce IFN-α/β upon infection with MCMV *in vitro* ([@bib8], [@bib17]). This observation, together with the lack of reagent which allow for the depletion of pDCs with sufficient specificity and efficiency in infected animals ([@bib18]), led to the questioning of the relevance of pDCs in viral infection and to the proposal that cDCs or other infected cells significantly contribute to the production of IFN-α/β during MCMV infection *in vivo* ([@bib11]).

To better evaluate the respective contributions of different cell populations for IFN-α/β production *in vivo* during MCMV infection, we have developed sensitive flow cytometry and immunohistofluorescence techniques for the detection of cytokine-producing cells *ex vivo* in cell suspensions or *in vivo* on tissue sections. These studies are the first to demonstrate by direct *ex vivo* staining of IFN-α/β that pDCs are the quasi-exclusive source of these cytokines during MCMV infection of immunocompetent animals in three different mouse strains and with two different virus strains. Moreover, we show that pDC activation for IFN-α/β production is organ specific, with a major contribution of the spleen to the systemic production of the cytokines which contrasts with the lack of response observed in other major sites of viral replication. We also demonstrate for the first time that pDCs are the major source of tumor necrosis factor (TNF)-α early after viral infection, in contrast to the hypotheses proposing a predominant role of NK cells ([@bib14]) or macrophages ([@bib19]) for this function. A significant proportion of pDCs simultaneously produce IFN-α/β, TNF-α and IL-12 in response to MCMV infection, although TNF-α and IFN-α/β appear more often co-expressed with one another than each of them with IL-12. This suggests that the capacity of murine pDCs to produce both IFN-α/β and IL-12 in response to MCMV exists within each cell and does not reflect the existence of different pDC subsets. Altogether, these results bring novel important insights on the local functions of pDCs in the host during viral infection.

Methods
=======

Mice
----

Pathogen-free C57BL/6, BALB/c and 129S2 mice were purchased from Charles River Breeding laboratories. All animals were housed under specific pathogen-free conditions at the Centre d\'Immunologie de Marseille-Luminy (Marseille, France). Animals were used for experiments between 6 and 12 weeks of age. Experiments were conducted in accordance with institutional guidelines for animal care and use. Protocols have been approved by the French Provence ethical committee (number 04/2005) and the U.S. Office of Laboratory Animal Welfare (assurance A5665-01).

Virus and injections
--------------------

Infections were initiated by intraperitoneal injection of salivary gland extract of Smith or Perth (K181) strains of wild-type MCMV with 10^5^ plaque-forming units (PFUs) for C57BL/6 mice and 10^4^ PFUs for BALB/c and 129S2 mice.

Sample collection and organs preparation
----------------------------------------

After various times of infection, mice were anesthetized to collect blood and organs. Organs were harvested and prepared as described ([@bib10], [@bib20]). Blood leukocytes were separated with Lympholyte-M solution (CEDARLANE). All leukocytes were kept in PBS, EDTA (5 mM), FCS (5%) before staining.

cDC and pDC enrichment using magnetic beads
-------------------------------------------

Total splenic leukocytes from a pool of seven untreated or MCMV-infected BALB/c or C57BL/6 mice were incubated with anti-CD11c and anti-mPDCA1 MicroBeads and passed through a positive selection LS column with quadroMACS magnet, accordingly to the instructions of the manufacturer (Miltenyi Biotec). Enriched cells were then blocked with 2.4G2 antibody and stained with the following antibodies: 120G8, anti-mPDCA-1, anti-CD11c and anti-CD8α and finally sorted with FACSVantage (BD Bioscience). Purity of sorted pDCs (120G8^high^PDCA-1^high^CD11c^+^), CD8α cDCs (120G8^−/low^PDCA-1^−/low^CD11c^high^CD8α^+^) and CD8α^−^ cDCs (120G8^−/low^PDCA-1^−/low^CD11c^high^CD8α^−^) was checked with FACSCalibur (BD Bioscience).

Flow cytometry analysis
-----------------------

Cells were first fixed and permeabilized with Cytofix/Cytoperm kit (BD Pharmingen). Intracellular staining was done next. A four-step protocol was performed for IFN-α/β intracellular staining, with a first incubation with a mix of anti-IFN-α/β antibodies (F18, RMMA-1 and RMMB-1, all from TEBU-BIO), followed by biotinylated goat anti-rat antibody (Jackson Immunoresearch), streptavidin--allophycocyanin (APC) APC or peridinin-chlorophyll-protein complex (PerCP) (BD Pharmingen) and Rat IgG whole molecule for blocking (Jackson Immunoresearch). Extracellular staining was then performed with various combinations of antibodies directly conjugated to suitable fluorochromes and diluted in PBS, EDTA (5 mM), FCS (5%) with 2.4G2 mAb. Similar stainings were performed with isotype controls to set the threshold for positivity. Stained cells were kept in PFA 1% and then acquired on FACSCalibur, FACSCanto I or II (BD Bioscience). Data were analyzed on FlowJo (Tree Star) or DIVA software (BD Bioscience).

Quantification of cytokines in sera
-----------------------------------

Sera were analyzed with Mu-IFN-α ELISA Kit (PBL Biomedical Laboratories), mIL-12p70 ELISA Kit and Mouse TNF-α ELISA Kit (R&D Systems) accordingly to the instructions of the manufacturer. Colorimetric changes of enzyme substrates were detected at 450 nm wavelength using Wallac Victor^2^ 1420 (Perkin Elmer). Limits of detection for each ELISA assay were 16 pg ml^−1^ for IFN-α, 8 pg ml^−1^ for IL-12p70 and 17 pg ml^−1^ for TNF-α.

RNA extraction and reverse transcription--PCR
---------------------------------------------

Total RNA was extracted from the same numbers of cells of the different sorted fractions with RNeasy micro and mini kits (QIAGEN) with DNase digestion. Total RNA was reverse transcribed into cDNA by using SuperScript™ III Reverse Transcriptase (Invitrogen) or mock reverse transcribed by omitting the addition of the reverse transcriptase. PCRs were performed with *Taq* DNA polymerase (Invitrogen) and the following primers IFN-α-FWD ATGGCTAGRCTCTGTGCTTTCCT, IFN-α-RSE AGGGCTCTCCAGAYTTCTGCTCTG; IFN-β-FWD CATCAACTATAAGCAGCTCCA, IFN-β-RSE TTCAAGTGGAGAGCAGTTGAG and Actin-FWD CATCCATCATGAAGTGTGACG; Actin-RSE CATACTCCTGCTTGCTGATCC. Amplifications were performed in MasterCycler (Eppendorf) with the following cycling parameters---IFN-α and IFN-β: 40 cycles and annealing temperature 58.4°C; Actin: 40 cycles and annealing temperature 56°C. No amplified products were detected in mock reverse-transcribed samples.

GeneChips
---------

RNA was extracted from between 7.5 × 10^5^ and 1.5 × 10^6^ cells for each leukocyte subset with the Qiagen micro RNeasy kit, yielding between 200 and 700 ng of total RNA for each sample. Quality and absence of genomic DNA contamination were assessed with a Bioanalyser (Agilent). 100 ng of RNA from each sample was used to synthesize probes, using two successive rounds of cRNA amplification with appropriate quality control to ensure full-length synthesis according to standard Affymetrix protocols, and hybridized to mouse 430 2.0 chips (Affymetrix). Raw data were transformed with the Mas5 algorithm, which yields a normalized expression value, and 'absent' and 'present' calls. Target intensity was set to 100 for all chips. All data sets were normalized with the invariant rank method and only one representative datum was kept for redundant ProbeSets targeting the same gene.

Immunohistofluorescence
-----------------------

Fresh extracted spleens were included in optimal cutting temperature (OCT) compound (VWR) and cut at a thickness of 8 μm with a Leica CM3050 S cryostat. One slide of each organ was stained with hematoxylin--eosin. For immunohistofluorescence, tissue sections were fixed with cold acetone, 10 min, before saturation with PBS 2% BSA during 30 min. Staining were then performed in PBS with the following antibodies (30 min for each step): IFN-α/β (F18, RMMA-1, RMMB-1, 1:400) or isotype control, followed by anti-Rat-Alexa546 (1:200), then rat IgG for blocking and finally various combinations of antibodies for membrane markers directly conjugated to suitable fluorochromes (CD8α-FITC, CD19-PE, CD11c-APC and 120G8-Alexa488, all diluted 1:100 in PBS 1×). Sections were mounted with Prolong Gold antifade reagent (Invitrogen). An LSM-510 Carl Zeiss confocal microscope was used to analyze stained sections and to take photographs.

Results
=======

*pDCs express much higher levels of mRNA for IFN*-α*/*β *than cDCs during MCMV infection*
-----------------------------------------------------------------------------------------

To determine the respective contributions of DC subsets to IFN-α/β production *in vivo* early after MCMV challenge, we first analyzed the expression of mRNAs for these cytokines by reverse transcription (RT)--PCR in DC subsets purified *ex vivo* from pooled spleens of untreated or 36 h-infected animals. The three major splenic DC subsets, CD8α^+^ and CD8α^−^ cDCs and pDCs, were sorted to \>87% purity, with no or only very low-level cross-contamination between the subsets studied (data not shown). No signal for IFN-α/β was detected in samples from uninfected animals or in the absence of reverse transcription (data not shown), attesting to the lack of any DNA contamination in the RNA samples. At the highest concentration of cDNA used, *Ifna/b* mRNA could be detected in all DC subsets isolated from infected mice, with a stronger signal in pDCs ([Fig. 1A](#fig1){ref-type="fig"}). Serial dilutions of the cDNA clearly demonstrated that the amount of *Ifna/b* mRNA in pDCs was much higher than in the other subsets, with a signal still detectable at a 1:25 dilution in pDCs only. These results thus suggest that the three DC subsets examined express *Ifna/b* mRNA early after MCMV infection, but that this expression is much stronger in pDCs than in cDCs.

![Analysis of the expression of innate cytokine mRNA by DC subsets *ex vivo*. pDC, CD8α^+^ cDC and CD8α^−^ cDC were purified from (A) BALB/c or (B and C) C57BL/6 mice, uninfected (0 h) or infected with MCMV for 36 h. (A) RT--PCR analysis of mRNA encoding IFN-α and β in each DC subset purified. (B) GeneChip analysis of various mRNA encoding the *Ifna* and *Ifnb* genes in each purified DC subset. (C) GeneChip analysis of various mRNA encoding various innate cytokines and chemokines in each purified leukocyte subset.](intimmdxm119f01_ht){#fig1}

We next performed gene chips analysis on an independent series of mRNA samples from over 98% pure FACS-sorted DC subsets, B lymphocytes and NK cells, in order to confirm in a more quantitative manner the differential expression of *Ifna/b* mRNA between various leukocyte subsets, to determine the pattern of expression of the *Ifna* subtypes in pDCs ([Fig. 1B](#fig1){ref-type="fig"}) and to extend our observations to other innate antiviral cytokines ([Fig. 1C](#fig1){ref-type="fig"}). No signal was detected in cells isolated from uninfected mice with any of the *Ifna/b* ProbSets (data not shown) and with many of the ProbSets directed against other innate cytokine genes, with the exception of *Il1b*, *Il18*, *Ifng* and *Tnfa* ([Fig. 1C](#fig1){ref-type="fig"}). In agreement with our RT--PCR analysis, a strong signal was observed specifically in pDCs from infected animals for all the ProbeSets corresponding to *Ifnb* or *Ifna* genes. Expression of many of the genes encoding IFN-α/β was also readily detectable in CD8α^+^ cDCs from infected animals, although with a 12- to 50-fold lower expression than in activated pDCs. No significant expression of *Ifna/b* could be detected in CD8α^−^ cDCs ([Fig. 1B](#fig1){ref-type="fig"}), in B lymphocytes or in NK cells (data not shown). The expression of mRNA encoding LT-α, TNF-α and IL-12p40 also appeared higher in pDCs from infected animals than in any of the other leukocyte populations examined, although expression of *Tnfa* and *Il12b* were also strong in cDCs. In contrast, the expression of *Il1b*, *Il15* and *Il18* mRNA was higher in cDCs than in pDCs. Finally, no significant expression of the mRNA encoding IFN-γ could be detected in pDCs while a strong and reproducible induction of this gene was observed in NK cells from infected animals. Altogether, these data show that, in response to MCMV infection, pDCs express much higher levels of all the *Ifna/b* genes examined and of *Lta* than cDCs, B lymphocytes and NK cells, while cDCs express higher levels of mRNA for IL-1β, IL-15 and IL-18 and NK cells higher levels of mRNA for IFN-γ.

IFN-α/β cytokines are detected exclusively in pDCs within total splenic leukocytes, while IL-12 and TNF-α can also be expressed in other cell populations
---------------------------------------------------------------------------------------------------------------------------------------------------------

Since discrepancies have been repeatedly reported between the expression of mRNA and proteins, we next examined expression of certain cytokines by intracellular staining on freshly isolated splenic leukocytes of untreated versus MCMV-infected mice. Cytokine expression was assessed at 0, 24, 30, 36 and 44 h after MCMV infection of different strains of mice, based on previously reported kinetics measurement of serum cytokine levels ([@bib23]). Serum peak production of IFN-α/β, IL-12p70 and TNF-α was confirmed to occur between 30 and 36 h post-infection as measured by ELISA in C57BL/6 and 129S2 mice ([Fig. 2A](#fig2){ref-type="fig"}). Of note, the IFN-α/β response was faster, higher and sustained for longer in 129S2 as compared to C57BL/6 animals. The higher responses of the former animals are likely due to an enhanced intrinsic toll-like receptor reactivity of their pDCs ([@bib20]) and to their stronger stimulation as a consequence of increased viral replication (NZ and MD unpublished data). To determine which cell types contribute to the production of the cytokines, intracellular flow cytometry was performed for detection of IFN-α/β, IL-12p40 and TNF-α in total splenocytes isolated from untreated or MCMV-infected 129S2 mice ([Fig. 2B](#fig2){ref-type="fig"}). For all the three cytokines, the kinetics of detection of positive cells was consistent with that of serum levels ([Fig. 2](#fig2){ref-type="fig"}). A population positive for IFN-α/β was clearly detectable at 30 and 36 h. Nearly all these cells stained the strongest with the 120G8 antibody, a pattern specific to pDCs ([@bib18]). Neither cDCs (CD11c^high^; [Fig. 2C](#fig2){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}) nor granulocytes (GR1^high^CD11b^high^; [Table 1](#tbl1){ref-type="table"}), macrophages (GR1^low^CD11b^+^; [Table 1](#tbl1){ref-type="table"}), B lymphocytes (CD19^+^), T cells (CD3^+^CD5^+^), NK cells (NKp46^high^) or IKDCs (NKp46^+^B220^+^) (data not shown) expressed detectable levels of IFN-α/β at the times of detection of maximal serum titers of the cytokines. Of note, most of the few cells expressing low to intermediate levels of 120G8 and marked with the anti-IFN-α/β antibodies were actually stained non-specifically since they also bound the isotype control antibody ([Fig. 2D](#fig2){ref-type="fig"}) and were present in similar number in uninfected mice. The induction of 120G8 on cells other than pDCs after MCMV infection is the reflect of a strong cellular activation, in part mediated by IFN-α/β ([@bib18]). Thus, some of the cells that express low to intermediate levels of 120G8 may have altered membrane properties as a consequence of their strong activation, which make them stickier to a number of molecules, including antibodies, independently of their expression of the targeted antigen or of Fc receptors. In any case, the 120G8^high^ cells marked with the anti-IFN-α/β antibodies were stained specifically for the cytokines since they did not bind the isotype control antibody and were not present in uninfected animals. The 120G8^high^ cells all expressed Siglec-H, a pDC-specific marker recently discovered ([@bib24], [@bib25]), in both uninfected and MCMV-infected mice, and the overwhelming majority of IFN-α/β^+^ splenic leukocytes stained for Siglec-H, attesting to the fact that they are pDCs ([Fig. 2E](#fig2){ref-type="fig"}). At the peak of IFN-α/β production, about 18% of splenic pDCs produced detectable level of these cytokines ([Table 2](#tbl2){ref-type="table"}). Thus, these data clearly establish that pDCs are the only splenic leukocytes producing detectable levels of IFN-α/β during infection of 129S2 animals by the Smith strain of MCMV.

###### 

Contribution of different cell subtypes to innate cytokine production in 129S2 mouse, 36 h after MCMV infection

  Cytokines   Cell subsets                                                                                               
  ----------- --------------------------------------------- ----------- ----------- ----------- ------------ ----------- -----------
  IFN-α/β     97.1 ± 2.4[a](#tblfn1){ref-type="table-fn"}   0.8 ± 0.5   0.4 ± 0.6   0.5 ± 0.4   0.2 ± 0.3    1.1 ± 1.9   \< 0.1
  IL-12       68.4 ± 1.6                                    3.2 ± 1.1   6.5 ± 2.3   1.2 ± 0.8   9.6 ± 3.7    3.5 ± 0.8   7.5 ± 0.4
  TNF-α       80.2 ± 5.6                                    0.8 ± 0.7   1.5 ± 0.8   0.5 ± 0.5   10.0 ± 4.0   1.8 ± 0.9   5.1 ± 3.0

Mean percent of cells corresponding to subtypes within cytokine-producing cells ± SD.

###### 

Evaluation of pDC responses to MCMV infection by innate cytokine production in three different mouse strains

  Time post-infection (h)   129S2                                    BALB/c       C57BL/6                                                                     
  ------------------------- ---------------------------------------- ------------ ------------ ------------ ------------ ------------ ----------- ----------- -------------
  0                         \<0.1[a](#tblfn2){ref-type="table-fn"}   \<0.1        \<0.1        \<0.1        \<0.1        \<0.1        0.2 ± 0.2   0.3 ± 0.2   0.4 ± 0.4
  24                        0.2 ± 0.2                                \<0.1        0.2 ± 0.1    ND           ND           ND           ND          ND          ND
  30                        17.5 ± 2.7                               10.1 ± 2.6   16.3 ± 2.9   2.8 ± 1.9    2.6 ± 0.4    4.6 ± 0.8    0.3 ± 0.2   0.3 ± 0.1   0.7 ± \<0.1
  36                        18.2 ± 2.2                               24.6 ± 1.8   10.1 ± 2.2   15.1 ± 5.0   20.6 ± 3.2   12.2 ± 2.2   2.8 ± 0.4   4.7 ± 0.9   4.4 ± 1.1
  44                        0.3 ± 0.4                                5.7 ± 2.1    5.9 ± 2.6    1.2 ± 0.9    11.0 ± 3.2   3.7 ± 0.9    \<0.1       3.8 ± 1.1   1.5 ± 0.4

ND, not determined.

Mean frequency of cells producing the corresponding cytokine within total pDCs ± SD.

![Evaluation of pDC contribution to innate cytokine production within total splenic leukocytes. C57BL/6 and 129S2 mice were left untreated (0 h) or were infected with the Smith strain of MCMV for different lengths of time ([@bib24], [@bib30], [@bib36] or 44 h). (A) The serum levels of IFN-α/β, IL-12p70 and TNF-α were measured by ELISA. (B--E) Expression of the cytokines in combination with the cell-surface markers 120G8 (B, D and E), CD11c (C) or Siglec-H (E) was analyzed by flow cytometry in total splenic leukocytes of 129S2 mice. (B) The percent of cytokine^+^ cells within the pDC gate (120G8^high^ cells) is indicated on each dot plot. (D) The percent of pDCs (120G8^high^ cells) or of cells of other subtypes (120G8^low/int^ cells) that stained with the anti-IFN-α/β (upper dot plots) or with the isotype control antibodies (lower dot plots) within total splenocytes are indicated on the panel. Results shown are representative of at least two independent experiments with three mice per group. '§' denotes below level of detection.](intimmdxm119f02_ht){#fig2}

Most of the IL-12p40^+^ or TNF-α^+^ cells also stained strongly for 120G8 and therefore are pDCs ([Fig. 2B](#fig2){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}). However, monocytes/macrophages \[GR1^low^CD11b^+^, ([@bib26])\] and cDCs (CD11c^high^) also contribute to the production of these cytokines, although to a much lower extent ([Table 1](#tbl1){ref-type="table"}). No IFN-γ could be detected in any of the DC subsets examined, while NK cells stained strongly for this cytokine (data not shown). Thus, these data clearly establish that pDCs also bear a major contribution to the production of IL-12p40 and TNF-α during infection of 129S2 animals by the Smith strain of MCMV.

Similar results were observed with BALB/c and C57BL/6 mice ([Table 2](#tbl2){ref-type="table"}). Moreover, challenge with the MCMV Perth K181 strain yielded identical results in the three mouse strains examined ([Fig. 3](#fig3){ref-type="fig"}). Notice that, in infected C57BL/6 animals, pDCs do not constitute the main source of IL-12p40 and TNF-α but still make a significant contribution to their production ([Fig. 4A](#fig4){ref-type="fig"}). Indeed, in C57BL/6 mice, the cell type bearing the most important contribution to the production of IL-12p40 and TNF-α was characterized as CD11c^low^GR1^low^CD11b^+^ ([Fig. 4B](#fig4){ref-type="fig"}) and therefore likely corresponds to monocytes/macrophages ([@bib26]). We also found a minor participation of CD11c^high^ cells in IL-12p40 production ([Fig. 4A](#fig4){ref-type="fig"}). Neither NK cells (DX5^+^/NK1.1^+^) nor T (CD3ε^+^/CD5^+^) or B (CD19^+^, data not shown) lymphocytes expressed detectable level of IL-12p40 or TNF-α.

![Evaluation of pDC contribution to innate cytokine production in response to the infection with the Perth strain of MCMV in 129S2, BALB/c and C57BL/6 mice. 129S2, BALB/c and C57BL6 mice were infected with MCMV Perth for 36 h. Production of IFN-α/β, IL-12 and TNF-α was analyzed by flow cytometry within total splenic leukocytes. The percent of cytokine^+^ cells within the pDC gate (120G8^high^ cells) is indicated on each dot plot. Results shown are representative of three mice per group.](intimmdxm119f03_ht){#fig3}

![Analysis of different splenic leukocyte populations for IL-12p40 or TNF-α production in C57BL/6 mice. C57BL6 mice were infected with MCMV for 36 h. The expression of IL-12p40 or TNF-α in combination with various cell-surface markers was analyzed by flow cytometry within total splenic leukocytes. (A) Analysis of the co-expression of IL-12p40 or TNF-α with individual cell-surface markers. The number adjacent to each gate corresponds to the percent of the cells from this gate within total splenic leukocytes. (B) Multiparameter analysis of the phenotype of the cytokine^+^ cells that do not belong to the pDC population. A gate was set on cytokine^+^120G8^−/low/int^ cells (panel A, upper dot plots) and the co-expression of CD11b and GR-1 was analyzed in this population in comparison to the profile obtained for cytokine^+^ pDCs (120G8^high^ cells) or for total splenic leukocytes. The number adjacent to the gate corresponds to the percent of GR1^low^CD11b^+^ cells (monocytes/macrophages) within the parent gate.](intimmdxm119f04_ht){#fig4}

As a whole, within splenic leukocytes, pDCs appear as the exclusive producers of IFN-α/β in response to infection with two different strains of MCMV, in the three mouse strains studied, at all time points examined, with the limit of the sensitivity of our experimental procedure. pDCs also bear a major contribution to the production of IL-12p40 and TNF-α in 129S2 and BALB/c mice. The higher susceptibility of these strains to MCMV infection as compared to C57BL/6 mice is representative of the behavior of most mouse strains examined so far whether inbred ([@bib27]) or caught in the wild ([@bib28]).

pDC activation for IFN-α/β production is organ specific
-------------------------------------------------------

In addition to the spleen, other organs are major targets of MCMV replication ([@bib14]) and have been recently documented to contain pDCs ([@bib20], [@bib21], [@bib29]). Therefore, the production of IFN-α/β by pDCs was measured by flow cytometry in the blood, the bone marrow (BM), the liver, the mesenteric lymph nodes (MLNs) and the lung of 36 h-MCMV-infected BALB/c ([Fig. 5A](#fig5){ref-type="fig"}) and C57BL/6 ([Fig. 5B](#fig5){ref-type="fig"}) mice. In BALB/c mice, a population of pDCs (120G^high^ cells) was clearly detectable in all the organs analyzed, although with major differences in the frequency of these cells among total leukocytes. While about 11% of pDCs stained strongly for IFN-α/β in the spleen, no IFN-α/β^+^ pDCs could be detected in the blood, the liver, the MLN or the lung. In contrast, a small but reproducible fraction (∼1%) of BM pDCs stained strongly for IFN-α/β. Similar results were obtained in 129S2 mice (data not shown). In C57BL/6 mice, only splenic pDCs were found to produce detectable levels of IFN-α/β ([Fig. 5B](#fig5){ref-type="fig"}). Taken together, these data show a strong compartmentalization of pDC responses to MCMV infection *in vivo* and a major contribution of splenic pDCs to the systemic release of IFN-α/β.

![Analysis of pDC contribution to IFN-α/β production in different organs. Total leukocytes from different organs of 36 h-infected (A) BALB/c or (B) C57BL/6 mice were analyzed by flow cytometry for the expression of IFN-α/β. Numbers in dot plots represent the percent of cells that produce the cytokine within total pDCs (120G8^high^). Results shown are representative of two independent experiments with pools of three mice per experiment.](intimmdxm119f05_ht){#fig5}

Immunohistofluorescence studies confirm the major role of pDCs for IFN-α/β production in the spleen early after MCMV infection
------------------------------------------------------------------------------------------------------------------------------

The possibility remained that other cells than pDCs may contribute significantly to IFN-α/β production in the spleen, but were overlooked in the intracellular flow cytometry approach due to their exclusion during the isolation of leukocytes. Therefore, immunohistofluorescence analyses for IFN-α/β expression were performed on spleen sections from 36 h-MCMV-infected 129S2 ([Fig. 6](#fig6){ref-type="fig"}) and BALB/c (data not shown) mice. As previously reported ([@bib30], [@bib31]), infected spleens displayed dramatic changes in their structure due to local redistribution of cells and to infiltration of leukocytes from other tissues ([Fig. 6A and B](#fig6){ref-type="fig"}). Before infection, pDCs (120G8^high^) were observed in all the compartments of the spleen with a higher frequency in the red pulp while cDCs (CD11c^high^) were found in the marginal zone of the spleen ([Fig. 6C](#fig6){ref-type="fig"}, top panels). No specific staining for IFN-α/β was observed in uninfected spleen sections ([Fig. 6C](#fig6){ref-type="fig"}, top row), as compared to isotype control signal ([Fig. 6C](#fig6){ref-type="fig"}, second row). After MCMV infection, pDCs became even more readily detectable as they migrated to the marginal zone ([@bib31]) where they constituted clusters of cells strongly stained with 120G8 ([Fig. 6C](#fig6){ref-type="fig"}, two bottom rows). A strong, specific, IFN-α/β signal was detected in aggregated pDCs within some of the clusters of 120G8^high^ cells ([Fig. 6C](#fig6){ref-type="fig"}, third row, see magnified inset). Additional, weaker, IFN-α/β staining was observed in individual, 120G8^−/low^ cells, which was more difficult to discriminate from background but could suggest some minor contribution of other cell types to the production of the cytokines in the spleen. Thus, these data confirm that pDCs are the major producers of IFN-α/β in the spleen early after MCMV infection.

![Analysis of DC involvement in IFN-α/β production by immunohistofluorescence on spleen. Spleen sections from 129S2 mice infected or not with MCMV were stained with hematoxylin--eosin (A) or with fluorescent-conjugated antibodies (B) and (C). (A and B) Analysis of the structure of the spleen. (C) Localization of pDCs, cDCs and IFN-α/β. Results shown are representative of three experiments each performed on two different infected spleens. Similar results have been obtained with BALB/c mice.](intimmdxm119f06_4c){#fig6}

Altogether, our data have demonstrated the quasi-exclusive role of murine pDCs for IFN-α/β production *in vivo* early after MCMV infection and the large contribution of these cells to the production of other innate antiviral cytokines including IL-12 and TNF-α. Mouse pDCs have been suggested to encompass different subsets of cells endowed with differential abilities for the secretion of pro-inflammatory versus IFN-α/β cytokines ([@bib13]). Human pDCs are unable to produce significant amounts of IL-12 ([@bib2], [@bib12]), in contrast to mouse pDCs ([@bib10]). In light of these observations, we next sought to determine whether the ability of the global pDC population to simultaneously produce multiple cytokines during MCMV infection resulted from the functional specialization of distinct pDC subsets or whether it reflected the ability of each pDC to mount multiple cytokine responses. To address this question, intracellular stainings were performed for simultaneous detection of IFN-α/β, IL-12p40 and TNF-α in individual pDCs from 129S2 ([Fig. 7](#fig7){ref-type="fig"}), BALB/c and C57BL/6 (data not shown)-infected mice. All possible patterns of co-expression of the three cytokines analyzed were observed. A significant proportion of pDCs produced all the three cytokines simultaneously, about 25% of cytokine^+^ pDCs at 30 h ([Fig. 7B](#fig7){ref-type="fig"}) and 8% at 36 h ([Fig. 7C](#fig7){ref-type="fig"}). Remarkably, very few pDCs produced TNF-α without producing IFN-α/β. A large proportion of pDCs produced only IL-12p40 at 36 h after infection, consistent with the delayed kinetics of appearance of this cytokine in the serum. The stronger co-expression of IFN-α/β and TNF-α, and the delayed kinetics of IL-12p40 expression, in pDCs during MCMV infection suggests that each pDC is endowed with the ability to produce all the three cytokines analyzed but that differential molecular switches may regulate the expression of each of these cytokines as already suggested in previous studies ([@bib32], [@bib33]). This interpretation is also supported by the observations reported by others ([@bib34], [@bib35]) that nude CpG DNA activates cDCs specifically for IL-12p40 production but pDCs also for IFN-α/β and TNF-α, while liposome-encapsulated CpG DNA can induce IFN-α/β in cDCs, due to re-routing of the oligonucleotides to different endosomes with a high retention time.

![Analysis of innate cytokine co-expression within individual pDCs. 129S2 mice were infected with MCMV Smith for 30 or 36 h. Simultaneous analysis of IFN-α/β, IL-12 and TNF-α production gated on pDCs (120G8^high^). (A) Dot plot analysis. (B and C) Diagrammatic representation of the different populations of pDCs according to their production of innate cytokines after 30 (B) or 36 h (C) of infection with MCMV Smith. Numbers indicate the percentage of cells that produce the corresponding combination of cytokines within pDCs. These results are representative of at least two independent experiments each with three mice per condition. Similar results have been obtained with BALB/c and C57BL/6 mice.](intimmdxm119f07_ht){#fig7}

Discussion
==========

The data presented here demonstrate that pDCs are the quasi-exclusive source of IFN-α/β production during a viral infection *in vivo*. This conclusion is supported by a set of different, complementary approaches, which allow the examination of cytokine production in a qualitative and quantitative manner *ex vivo* and *in vivo* in various cell subsets or in whole tissues. While previous studies have shown that cDCs can produce IFN-α/β *in vitro* upon infection with MCMV at high molecular infection ratio ([@bib8], [@bib17]), no other IFN-α/β producing cells than pDCs could be detected in infected animals by flow cytometry or immunohistofluorescence. We cannot completely exclude some participation of cDCs or other infected cells to the production of IFN-α/β in infected animals, which may not be detectable with our techniques. However, it should be noted that IFN-α/β production by infected cells has been shown independent of MyD88 ([@bib8]), while MyD88-deficient animals show a dramatic decrease in systemic IFN-α/β production ([@bib16], [@bib32], [@bib36]). Even in 129S2 mice, which produce much higher levels of IFN-α/β than C57BL/6 mice in response to MCMV infection, no significant contribution of cDCs to the production of these cytokines is observed at any of the time points tested (0, [@bib24], [@bib30], [@bib36] and 48 h). Indeed, the percent of IFN-α/β^+^ cDCs is always \<0.1 in 129S2 mice, even at 30 and 36 h when over 10% of the pDCs are expressing IFN-α/β. Moreover, since at 36 h post-infection in C57BL/6 mice, the percent of IFN-α/β^+^ pDCs is 3.2 ± 1.3%, the percentage of cDCs producing IFN-α/β in 129S2 mice is much lower than the percentage of pDCs producing the cytokines in C57BL/6 animals. Thus, the potential contribution of cells other than pDCs to systemic IFN-α/β production during MCMV infection *in vivo* is very limited in all the three strains of mice examined. Our data also demonstrate for the first time that pDCs significantly contribute to TNF-α production and confirm their involvement in IL-12 production, early after MCMV infection.

Several reports have documented differences in the ability of pDCs from various organs to produce IFN-α/β in response to TLR triggering ([@bib21], [@bib29]). However, whether compartmental differences exist in the ability of pDCs to produce IFN-α/β *in vivo* during viral infection has not been documented. Therefore, we compared pDC activation for cytokine production in various organs known to be major targets of MCMV replication, the lung, the liver and the BM, as well as in the blood and the MLN. Strikingly, our data show that an important fraction of pDCs producing high levels of IFN-α/β is detected only in the spleen, while a much weaker production can be seen in the BM of BALB/c or 129/S2 mice, and no cells positive for the cytokines were observed in the lung, liver, blood or MLN. Therefore, our data document a compartmentalization of pDC responses to MCMV infection and demonstrate that high local viral replication is not sufficient to trigger IFN-α/β production in these cells, with the major contribution of spleen pDCs to the systemic production of the cytokines contrasting strongly with the lack of detectable production in the lung or in the liver. The failure of lung pDCs to respond to MCMV infection could in part be explained by their reported lack of expression of TLR9 ([@bib21]). In contrast, pDCs isolated from blood ([@bib37]) or liver ([@bib29]) have been shown able to respond to TLR9 triggering *in vitro*, such that the mechanisms for their lack of responses to MCMV infection *in vivo* are unknown and will require further investigations.

To analyze the ability of individual pDCs to produce multiple cytokines, we developed a protocol for simultaneous intracellular detection of IFN-α/β, IL-12p40 and TNF-α by flow cytometry. A significant proportion of pDCs was shown to produce the three cytokines at the same time, although all patterns of co-expression of the cytokines were observed. Thus, no simple, discrete, subpopulations of pDCs specialized in the production of particular arrays of cytokines could be observed. Thus, the variations in individual pDC responses more likely occur as a result of quantitative changes in their differentiation status or activation kinetics as opposed to qualitative differences in their lineage origin. It should be noted that IFN-α/β and TNF-α appeared more strongly co-expressed together than with IL-12, suggesting the existence of differential molecular mechanisms of control of the expression of these cytokines as compared to IL-12 as suggested in previous reports ([@bib32], [@bib33]). Indeed, it has been shown that the IRF-7/MyD88-dependent pathway necessary for pDC IFN-α/β production is activated in early endosomes ([@bib34], [@bib35]), while pDC IL-12 production may occur downstream of the IRF5/TRAF-6/MyD88 pathway which is triggered in late endosomes ([@bib38]). In this regard, it is interesting to notice that human pDCs, which produce both IFN-α/β and TNF-α but not IL-12 ([@bib12]) in response to TLR7/9 triggering, express much lower levels of IRF-5 that their murine counterparts or than cDCs (SHR and MD, unpublished data). Thus, MCMV DNA might activate TLR9 in mouse pDCs simultaneously in early endosomes for IRF7-dependent IFN-α/β and TNF-α production and in late endosome for IRF5-dependent IL-12 production.

Taken together, these results show a broad and central role of pDCs in early innate detection of, and defense against, MCMV infection. The data also suggest differences in the molecular requirements for pDC production of various cytokines and in the responsiveness of pDCs from different tissues. These observations need to be taken into account when designing innovative vaccination strategies aimed at harnessing the antiviral functions of pDCs.
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BM

:   bone marrow

cDC

:   conventional dendritic cell

MLN

:   mesenteric lymph node
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:   murine cytomegalovirus
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:   plasmacytoid dendritic cell
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